














学校编码：10384                               分类号      密级        
学号：32420100153799                          UDC          
 
 
博  士  学  位  论  文 
                                           
碳水化合物催化转化为 5-羟甲基糠醛 
和 2,5-二甲基呋喃的研究 
Study on the Conversion of Carbohydrates into 




指导教师姓名：林 鹿 教 授 
专  业 名 称：能 源 化 学 
论文提交日期：2013 年 04 月 
论文答辩时间：2013 年 06 月 
学位授予日期：2013 年 06 月 
  
答辩委员会主席：           
评    阅    人：           
 





















另外，该学位论文为（                            ）课题（组）
的研究成果，获得（               ）课题（组）经费或实验室的




声明人（签名）：             
























（     ）1.经厦门大学保密委员会审查核定的保密学位论文，
于   年  月  日解密，解密后适用上述授权。 






声明人（签名）：             




















以碳水化合物为原料，针对目前 HMF 和 DMF 研究过程中存在的问题开展了一
系列研究，包括绿色、高效、价格低廉和制备简单的催化剂的开发；碳水化合物
脱水反应机理和动力学的探索；HMF 加氢反应体系的建立以及 DMF 的有效分离
纯化等，并取得了一定的研究成果。 
首先，在 CrCl3·6H2O 的基础上添加一定量的 B(OH)3能够进一步提高碳水化
合物的脱水效果，证明两者之间具有良好的协同催化作用；在 1-丁基-3-甲基咪
唑氯盐（[BMIM]Cl）用量为 1 g、碳水化合物浓度为 10 wt%、CrCl3·6H2O 用量
为 10 mol%、B(OH)3用量为 20 mol%、反应温度为 120 °C 和反应时间为 30 min
的条件下，以葡萄糖、果糖、蔗糖、纤维二糖、麦芽糖、淀粉和纤维素为原料，
HMF 的产率分别可以达到 78.8%、93.7%、82.7%、63.6%、60.3%、48.1%和 50.5%；
由[BMIM]Cl 和 CrCl3·6H2O/B(OH)3 组成的反应体系具有较高的稳定性，重复使
用 5 次后，催化活性没有明显的降低；提出了 CrCl3·6H2O 和 B(OH)3协同催化碳
水化合物脱水制备 HMF 的可能反应机理；证实了四乙基氯化铵（TEAC）作为
反应溶剂用于转化碳水化合物脱水制备 HMF 具有很高的可行性。 
其次，在磷钨酸（12-TPA）和 B(OH)3 的协同催化作用下，葡萄糖、果糖、
蔗糖、纤维二糖、麦芽糖、淀粉和纤维素均能够有效的发生脱水反应，在[BMIM]Cl
用量为 1 g、碳水化合物浓度为 10 wt%、12-TPA 用量为 20 wt%、B(OH)3用量为
10 wt%、反应温度为 140 °C 和反应时间为 40 min 的条件下，HMF 的产率分别可
以达到 51.9%、91.4%、70.5%、48.7%、46.5%、38.1%和 39.2%；由[BMIM]Cl
和 12-TPA/B(OH)3组成的反应体系重复使用 5次后，仍然保持着较高的催化活性；

























它们之间的交互作用对葡萄糖脱水制备 HMF 的影响并得到了最佳的反应条件。 
在上述研究的基础上，建立了四氢呋喃（THF）中 HMF 选择性加氢制备 DMF
的温和反应体系，在HMF浓度为 2.5 wt%、Ru/C用量为 5 mol%、H2压力为 20 bar、
搅拌速度为 400 rpm、反应温度为 200 °C 和反应时间为 2 h 的条件下，HMF 的转
化率和 DMF 的产率分别高达 100%和 94.7%；当 Ru/C 重复使用 5 次后，Ru 的流
失和碳颗粒的增大没有对 HMF 的转化率造成很大的影响，但却使得 DMF 的产
率下降到了 74.7%；进一步提出了 HMF 选择性加氢制备 HMF 的可能反应机理。 
最后，根据 HMF 加氢体系中反应产物沸点的不同，采用常压蒸馏和减压蒸




后 DMF 的规模化生产提供了一定的理论依据和技术支持。 
 
















In recent years, biomass is considered to be the only renewable resources in 
nature to replace the fossil resources for the production of fuels, chemicals and 
materials. The conversion of carbohydrates that are the most abundant components of 
biomass into 5-hydroxymethylfurfural (HMF) and 2,5-dimethylfuran (DMF) is one of 
the most important pathways for the utilization of biomass, which has attracted much 
more attention in the domestic and international scientific and industrial communities. 
According to the current research situation and existing problems for the conversion 
of carbohydrates into HMF and DMF, a series of studies persisted in the concept of 
green chemistry were carried out in this dissertation. For example, the development of 
green, efficient, low-cost and easily prepared catalysts, the exploration of reaction 
mechanisms and kinetics for the dehydration of carbohydrates, the establishment of 
reaction systems for the selective hydrogenation of HMF and the separation and 
purification of DMF. 
Firstly, CrCl3·6H2O and B(OH)3 were found to have a synergistic catalytic effect 
on the dehydration of carbohydrates. The HMF yields of 78.8%, 93.7%, 82.7%, 
63.6%, 60.3%, 48.1% and 50.5% were obtained from glucose, fructose, sucrose, 
cellobiose, maltose, starch and cellulose under the following reaction conditions: 1 g 
1-butyl-3-methylimidazolium chloride ([BMIM]Cl), 10 wt% carbohydrate, 10 mol% 
CrCl3·6H2O, 20 mol% B(OH)3, 120 °C , 30 min, respectively. A combination of 
[BMIM]Cl and CrCl3·6H2O/B(OH)3 could be reused and demonstrated stable activity 
after five successive runs. The plausible mechanism for the dehydration of 
carbohydrates into HMF catalyzed by CrCl3·6H2O and B(OH)3 was proposed. 
Moreover, tetraethyl ammonium chloride (TEAC) was found to be favorable for the 
formation of HMF and could also be used as an effective solvent for the dehydration 
of carbohydrates. 















combination for the dehydration of glucose, fructose, sucrose, cellobiose, maltose, 
starch and cellulose, the yields of HMF with 51.9%, 91.4%, 70.5%, 48.7%, 46.5%, 
38.1% and 39.2% were achieved under the following reaction conditions: 1 g 
[BMIM]Cl, 10 wt% carbohydrate, 20 wt% 12-TPA, 10 wt% B(OH)3, 140 °C , 40 min, 
respectively. After five successive runs, [BMIM]Cl and 12-TPA/B(OH)3 still remained 
excellent catalytic activity. In addition, the plausible mechanism for the dehydration 
of carbohydrates into HMF by the use of 12-TPA and B(OH)3 was presented. 
Subsequently, cellulose-, glucose-, and starch-derived solid acid catalysts bearing 
SO3H, COOH and Ph-OH, which were denoted as CSAC, GSAC and SSAC, were 
prepared by the sulfonation of incompletely carbonized cellulose, glucose and starch, 
respectively, and well characterized by Scanning electron microscopy (SEM), X-ray 
diffraction spectroscopy (XRD), Fourier transform infrared spectroscopy (FT-IR), 
X-ray photoelectron spectroscopy (XPS), Branauer-Emmett-Teller surface area (BET), 
Raman spectroscopy, elemental analysis and acid-base titration. Compared with 
conventional solid acid catalysts such as zeolites, cation-exchange resins, sulfonated 
metal oxides and heteropolyacid salts, these carbon-based solid acid catalysts, 
especially CSAC, were more effective for the dehydration of glucose and other 
carbohydrates into HMF. The first-order reaction kinetics for the dehydration of 
glucose was established, indicating that the increase of reaction temperature not only 
promoted the dehydration of glucose into HMF, but also accelerated the formation of 
undesired byproducts. Furthermore, the effects of reaction temperature, reaction time 
and catalyst loading as well as interactions among them on the dehydration of glucose 
into HMF and the optimal reaction conditions were investigated by response surface 
method (RSM). 
On the basis of the above-mentioned studies, the mild reaction system for the 
selective hydrogenation of HMF into DMF in the presence of tetrahydrofuran (THF) 
was developed. 100% HMF conversion and 94.7% DMF yield could be obtained 
under the following reaction conditions: 2.5 wt% HMF, 5 mol% Ru/C, 20 bar H2, 400 
rpm, 200 °C , 2 h. After five successive runs, the loss of Ru and the agglomeration of 















decrease in DMF yield. Moreover, the plausible mechanism for the selective 
hydrogenation of HMF into DMF was proposed. 
Eventually, DMF was separated and purified from the crude hydrogenation 
mixture according to their boiling point by the combination of atmospheric distillation 
and vacuum distillation. With this approach, the recovery rate of DMF was more than 
95% and the purity of DMF was up to 98%. The chemical structure of purified DMF 
was confirmed by Gas chromatography-mass spectrometry (GC-MS), FT-IR and 
Nuclear magnetic resonance spectroscopy (NMR), and its physical properties such as 
boiling point, liquid density, refractive index, water solubility and appearance of 
purified DMF was verified to be consistent with pure DMF. Furthermore, the 
technology roadmap for the conversion of carbohydrates into DMF was drafted to 
provide theoretical reference and technical support for the industrial production of 
DMF in the future. 
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